EFI Preprint 07-27 
FERMILAB-PUB-07-628-T 



Standard Model Gauging of the WZW Term: 
Anomalies, Global Currents and pseudo-Chern-Simons Interactions 

Jeffrey A. Harvey^"), Christopher T. HiU^''), Richard J. Hill^'^t] 

^•""^ Enrico Fermi Institute and Department of Physics 
The University of Chicago, 
Chicago, Illinois, 60637, USA 
^•^^ Fermi National Accelerator Laboratory 
P.O. Box 500, Batavia, Illinois 60510, USA 
(Dated: February 2, 2008) 

The standard model SU (2)^ x ?7(l)y gauging of the Wess-Zumino-Witten term requires a modified 
counterterm when background fields, needed to generate the full set of currents, are introduced. The 
modified counterterm plays an essential role in properly defining covariant global currents and their 
anomalies. For example, it is required in order to correctly derive the gauge invariant baryon 
number current and its anomalous divergence. The background fields can also be promoted to 
a description of the physical spin-1 vector and axial- vector mesons in QCD and the counterterm 
leads to novel interactions. These are (pseudo-) Chern-Simons terms, such as e'^"^" uj^Z^dpAcr and 
e^"'"' pjj;Wif dpAc that mediate new interactions between neutrinos and photons at finite baryon 
density. 

PACS numbers: 11.15.-q, 12.15.-y, 12.38.Qk, 12.39.Fe, 13.15.-|-g, 13.40.-f, 14.70.Hp, 14.80.Mz, 95.85.Ry, 
97.60.Jd 



I. INTRODUCTION 

The low-energy spectrum of QCD contains pseu- 
doscalar mesons interpreted as the Nambu-Goldstone 
bosons (NGB's) of spontaneously broken chiral symme- 
try. U{Nf)L X U{Nf)ii breaks to the diagonal, vector 
subgroup U{Nf)v: with Nj = 2, 3 depending on whether 
just the (u, d) quark symmetries, or the (u, d, s) symme- 
tries are included in the analysis. A complete low-energy 
chiral lagrangian describing the interactions of these me- 
son states contains terms in the following three classes. 

The first class consists of terms related to the familiar 
kinetic term: 

Ck = ^TiiD^U^D^^U) + . . . , (1) 

where « 93MeV, and U = exp[{2i/ f^)Tr''T''] is 
a chiral matrix field transforming as [/ ^ e^^^Ue~^'^'^ 
under U{Nf)L x U{Nf)R, with e"^.« € U{Nf)L,R. 
The kinetic term can be made locally invariant un- 
der U{Nf)L X U{Nf)ii transformations by including a 
complete set of gauge fields in the covariant derivative, 
DU = dU — iAlU + iUAji, with corresponding local 
gauge transformations for Al^r. The ellipsis refers to an 
expansion in the number of derivatives, containing in the 
next order the Gasser-Leutwyler operators. 

A second class of terms consists of those associated 
with symmetry breaking. This includes the operator 
Ti{MqU) + h.c. where Mq is the quark mass matrix, and 
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also the operator det U e + h.c. which reflects the break- 
ing of the axial U{1) by instantons. We will largely ignore 
the effects of these first two classes of operators in what 
follows. 

A third class of operators comprise the Wess-Zumino- 
Witten (WZW) term, Twzw{U) 0,11. This is a topo- 
logical object and it arises "holographically" when the 
D — A manifold of spacetime is viewed as the boundary of 
a, D — b manifold ^] . The WZW term is intimately con- 
nected to the anomaly structure of QCD. When coupled 
to classical background gauge fields Al,Ar S U{Nf)L^R 
the variation oiTwzw{U, Al,Ab) under local U{Nf )L x 
U{Nf)ii is non-zero, and reproduces the anomalies of the 
underlying theory of quarks [H, 0, i i, S, i, 0, S i ■ 

Moreover, Twzw hfts a spurious parity symmetry in 
the chiral lagrangian, locking the pion parity to that of 
space (it performs a similar task in Little Higgs theories 
by breaking spurious T-parity [To|). It mediates pro- 
cesses such as KK Btt which are allowed by QCD but 
would be forbidden in the low-energy chiral lagrangian 
theory if we kept only the first two classes of terms and 
ignored the WZW term. The WZW term can also be cou- 
pled to physical gauge fields, like the photon. This leads 
to a correct description of the process 7r° 27, that 
is otherwise forbidden by the extension of the spurious 
parity to gauge fields. Thus the WZW term generates an 
essential part of the physics, and should be placed on the 
same footing as the other terms in the chiral lagrangian. 

In this paper we are interested in the gauged WZW 
term with physical gauge fields coupled to the flavor sym- 
metries of the quarks. In general, to achieve an anomaly 
free gauge theory we can either gauge an anomaly free 
subgroup of U{Nf)L x U{Nf)ji, or cancel anomalies be- 
tween the chiral lagrangian and a "lepton sector". The 
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former case arises when gauging only electromagnetism 
in the QCD chiral Lagrangian, and is perhaps the most 
famihar apphcation of a gauged WZW term. However, it 
is the latter situation that arises for the SU{2)l x U{1)y 
electroweak gauge group of the standard model. This 
leads to additional issues that need to be addressed, due 
to the fact that SU{2)l x U{1)y resides in a nondiagonal 
subgroup of the chiral symmetry group. We are forced 
to revisit the counterterm structure of the Wess-Zumino- 
Witten term. Ultimately we are led to a new countert- 
erm, and in turn, to new physics. This is the focus of the 
present paper. 

In addition to the fundamental gauge fields of the stan- 
dard model, i.e., the W, Z and 7, the theory must be 
consistent if we include background fields that couple to 
the currents of the chiral lagrangian. These background 
fields are theoretically essential because they allow us to 
determine the correct form of the global chiral currents 
and their anomalies. 

In what follows we will denote generic fundamental 
gauge fields by A and background vector and axial- vector 
fields by B. The B fields will be assumed to transform 
covariantly under the fundamental local gauge group of 
the standard model. Varying the effective action with 
respect to i?" generates the associated current J° . Vary- 
ing the background fields locally, SB = de -I- as if they 
were fundamental gauge fields, generates the anomalous 
divergence of the associated global current via the WZW 
term. For example, a background field can be introduced 
with the quantum numbers of the w meson, coupling to 
the quark baryon current. This automatically implies 
its coupling to the Goldstone-Wilczek skyrmionic baryon 
number current 0, [ll| via the WZW term. 

Introducing the B fields leads, however, to the follow- 
ing subtle issue. When we have a set of fundamental 
gauge fields A, such as the standard model W, Z and 7, 
and we then turn on the background {B) fields, we find 
that new anomalies appear in the gauged (A) currents 
that were previously absent. We can maintain the fun- 
damental (A) gauge invariance, however, if we can find a 
local counterterm, a functional of A and B, which cancels 
these new anomalies. 

The logic of this situation is identical to that of QED, 
underlying the original covariant anomaly first computed 
by Adler [5| . If we compute triangle diagrams for QED 
with a vector photon Af^ coupled to a massless electron 
as A^^ip^fj_ip then we do obtain a conserved vector current, 
and the divergence of the axial current is the consistent 
axial current anomaly [28| : 

d'f, = ^e.^.^F'^'^FPr (2) 

However, if we introduce a classical background field i?^ 
with the coupling B^j^, then we find that the vector 
current is no longer conserved, but develops a mixed 
anomaly (x c^vpaF'^ F'^ . It is essential that gauge 
invariance, i.e., vector current conservation, be main- 
tained for any background field B, and we thus re- 



quire a counterterm. The counterterm takes the form 
{l/%^:'^)e^^p„B^'A''^PA'' . When added to the action, it 
modifies the definitions of the currents. For example, the 
gauged vector current is SS/SA^, and the global axial 
current is (55/(5 i?^, where S is the action. The currents 
acquire corrections from the counterterm. This leads to 
a conserved modified vector current for any background 
field B and the familiar covariant anomaly for the mod- 
ified axial current [2^ , 

d'^jf. = j^e.^p.F'^'^F''-. (3) 

The problem of maintaining gauge invariance of the 
WZW term for arbitrary background fields when the fun- 
damental gauge fields are vectorlike, i.e., Al — Ar — A, 
has a well-known solution: the "Bardeen counterterm," 
given by: —Twzwi^, A + Bl,A + Br). This is essen- 
tially a generalization of the aforementioned countert- 
erm of QED. Adding this counterterm to the WZW 
term, Twzw{U, A + Bl,A + Br), ensures that vector 
currents are conserved for any B^ r background fields. 
We note that this procedure kills off an entire class of 
non-pionic interactions in the bare WZW term, such as 
e^vpaA^'BI j^dPA" + which we cah "pseudo-Chern- 
Simons" (pCS) terms [lOl- The special case of vectorlike 
gauging may thus lead to the intuition that pCS terms 
are somehow unphysical and don't appear in the full the- 
ory. However, this would be a false impression. 

When gauging nondiagonal (non- vectorlike) subgroups 
such as SU{2)l x U{1)y, the Bardeen counterterm does 
not render the theory gauge (A) anomaly free. We will 
show, however, that there always exists a new local coun- 
terterm that does maintain gauge invariance for the gaug- 
ing of any subgroup in the general background of spin-1 
classical (B) fields. We give the explicit solution for the 
new counterterm in the general case and apply it in spe- 
cific cases. 

Once the new counterterm is incorporated into the 
WZW term two important things happen. First, the 
global currents, as generated by local variations of the ap- 
propriate background fields, become proper covariant ob- 
jects. The anomalies of these currents are the covariant 
anomalies of the theory. The global baryon current and 
its anomaly provides an important example of this phe- 
nomenon. The current is modified from the Goldstone- 
Wilczek form, in the presence of gauge fields, and be- 
comes a gauge invariant operator. Its anomaly, arising 
from a local gauge transformation of the WZW term in 
the background oj field, Suip, = 9^e, yields the correct 
covariant baryon current anomaly. We note that there 
are also corrections involving the background fields them- 
selves, e.g., including a term ^^'^^'^ F^^^Dpp"^ where p° 
is the background field with quantum numbers of the p- 
meson and F^^^ is the SU{2)l field strength. 

Second, there are now uncancelled pCS term interac- 
tions involving the fundamental gauge fields and the spin- 
1 background fields that do not involve the pions. These 
pCS terms contain observable new physics. 
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Indeed, the classical background (B) fields can be pro- 
moted to describe the physical vector meson fields of 
QCD, i.e., the p, uj, ai, fi and so on. It is important to 
realize the distinction between classical background fields 
and physical spin-1 mesons: the former would describe 
"pointlike particles," present on all scales of the theory, 
while the physical spin-1 mesons have form- factors and 
decouple from the high energy quark loops. They are 
only part of an effective low energy theory. However, at 
low energies the physical spin-1 mesons can be viewed 
as coupling to the global currents and they thus behave 
like the B fields. Anomalous physical processes involv- 
ing them can be described by the WZW term. The pCS 
terms are a new part of the physics in the WZW term, 
involving exclusively the spin-1 mesons and gauge fields. 

There are many formal issues that must be faced in the 
description of the vector mesons as propagating physical 
particles, and treating them as gauge fields [3, [l3] in- 
curs subtleties. However, phenomenologically successful 
treatments of processes that involve the spin-1 mesons 
and probe the anomalies encoded into the WZW term, 
such as UJ, p —^ 777, UJ Stt, etc., do flourish in the liter- 
ature. We will postpone the detailed discussion of these 
issues to a subsequent paper [l3| . 

Notably, from the new counterterm we obtain an inter- 
action of the form e^'^^'^uj^Z^Fp^ where uj is the omega 
meson background field, Z the Z-boson in unitary gauge, 
and the photon field strength [l^. This interaction 
survives as an essential consequence of the non-diagonal 
standard model gauge structure and the new countert- 
erm. 

The outline of this paper is as follows. In Section II we 
construct a schematic version of the standard model, i.e., 
a "toy" model, in which the WZW term is nontrivial, but 
much simpler than in the standard model. This model 
consists of a single color and flavor of quark, and a single 
lepton. We gauge the U{1)l x U{1)r quark and lepton 
flavor symmetries by introducing a "Z" associated with 
U{\)l and a photon "A" associated with U{\)v- The 
gauge anomalies cancel between the quark and the lepton 
sectors, as in the standard model. We then integrate out 
the quark with a large chirally invariant "constituent" 
mass term, rnqqi^que^'^/ ^ , containing a "pion" (jj. This 
generates the WZW term involving 0, Z and A, which is 
easy to derive. 

We then introduce the "w" vector meson as a back- 
ground field coupled to the baryon current. We show 
that new anomalies arise in the gauged currents and then 
construct the counterterm that cancels these anomalies. 
We discover that pCS terms such as e^^pa^jj'^ FP'^ re- 
main in the physical WZW term [l3| • Variation of the uj 
field generates the global baryon current and associated 
covariant anomaly. 

In Section III we consider the general problem of a 
chiral lagrangian for a theory in which the chiral flavor 
symmetry G is spontaneously broken to a subgroup H 
while at the same time we gauge a subgroup G' C G. We 
show how to construct the counterterm that maintains 



the G" gauge anomaly structure in the presence of back- 
ground spin-1 flelds. For a diagonal gauge group G' C H, 
this reduces to the Bardeen counterterm (modulo gauge 
invariant operators). 

In Section IIVI we show that this counterterm plays a 
crucial role in the derivation of global symmetry currents 
and their anomalies. The anomalous baryon current pro- 
vides an important application of this formalism. At the 
chiral lagrangian level we obtain a gauge invariant baryon 
current from the WZW term with the new counterterm. 
We examine the global symmetries that are neutral un- 
der the gauged symmetries {i.e., for which there is no 
explicit symmetry breaking by gauging), and flnd the 
general form of the global anomalies for arbitrary back- 
ground flelds. 

In Section |V] we apply these ideas to derive the WZW 
term (including counterterms) for the SU{2)l x U{1)y 
gauging of the U{2)l x U{2)ii chiral symmetry of QCD 
in a background of the spin-1 vector mesons p, uj, ai, and 
/i. Physical applications of these ideas are mentioned, 
but the details are postponed to a subsequent paper . 
For example, anomaly mediated neutrino photon interac- 
tions arise from the e^^p^ui'^Z'^FP'^ pCS interaction, and 
provide a possible explanation for excess events seen in 
the MiniBooNE experiment [Ulillil- In Sect ion |Vl] we 
conclude and outline some further implications of these 
ideas. 

The SU{2)l X U{1)y gauging of the QCD WZW term 
in general backgrounds has not, to our knowledge, been 
previously developed. Pseudo-Chern Simons terms with 
arbitrary coefficients have previously been a ppe nded to 
the effective Lagrangian in an ad hoc manner jl6l . [T?] . [l8| , 
with various phenomenological constraints on the coeffi- 
cients. The advantage of our approach is that we predict 
the coefficients of such interactions in terms of the strong 
coupling constants of the QCD vector and axial-vector 
mesons. Our observations about pCS terms and global 
anomalies apply to general chiral lagrangian models, and 
are new. 



II. SCHEMATIC STANDARD MODEL WITH 
PCS INTERACTIONS 

A. The WZW term 

We now construct a schematic model that exhibits in 
a simple way the necessity of adding new counterterms 
to the WZW term, and the existence of pCS terms. This 
model involves only abelian gauge groups, but is con- 
structed in close analogy to QCD and the SU{2)l x 
U{1)y electroweak sector of the standard model. It 
will form the basis for the general discussion of the 
SU{2)l X U{1)y gauging of the U{2)l x U{i)R chiral 
lagrangian of pions. 

We consider a theory with a single [Nc = 1) "quark" q 
and a single "lepton" £. We introduce U{1)l and U{1)r 
fundamental gauge flelds and A^ into the quark ac- 
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tion: 



J d'^^ q^i^ + 4L)qL+qR{i^ + 4r)<1R- (4) 



Sq has gauge currents, 



j(B)l ^^1 — 



(5) 



that are anomalous: 



(6) 



Here we use the consistent anomalies that arise from 
Weyl spinor triangle diagrams. 

To cancel these anomalies we gauge the "lepton" sec- 
tor: 

Si^ J d\ lU^^ ~ 4L)£L + iR{t^ - Ab^r- (7) 

Note that the relative signs of the quark and lepton cou- 
plings imply that Al couples to B — L for the left-handed 
fields, which we denote by {B ~ L)l, while Ar couples 
to {B — L)fi. Taken together the gauge anomalies can- 
cel between the quark and lepton sectors in the B — L 
currents: 



d^^iqi'^qR-hnR) 



Q^j(B-L) 



0, 



(8) 



Anomalies remain in the ungauged B + L currents, imi- 
tating the structure of the standard model. 

We are interested in an analogy to hadronic physics 
and the chiral lagrangian of QCD. Thus, we want to spon- 
taneously break the J7(l)LxC/(l)flof the quark sector to 
U{l)v- We can do so by introducing a constituent quark 
mass term containing an NGB denoted by </>: 



mqe"l'/^'qLqB, 



h.c. 



(9) 



Here (j)/f is the analog of 7r//jr in QCD. 

Technically, in this model the NGB, <j), would be eaten 
by the linear combination Z — A^ — Ar, which then 
becomes massive. This is the analog of symmetry break- 
ing in technicolor theories. Alternatively, we can imag- 
ine an additional Higgs scalar field that gives the Z its 
mass by developing a VEV v. Z then acquires a lon- 
gitudinal component, Xi from the phase of the Higgs, 
Z ^ Z — dx/v. In this case a dynamical NGB remains 
in the low-energy spectrum which is a linear combination 
of X and (f> (mainly the (j> field in the v ^ f limit). We 
will assume the Higgs mechanism is present, allowing the 
Z to acquire mass, but we need not explicitly write the 
X lagrangian. 



In what follows we will use the abbreviated no- 
tation of differential forms, so that for example 
Jd'^x t^^^p^Af^B^dPC = jABdC. 

Under U{1)l x U{1)u gauge transformations we have: 



qL e'^'-qL , II - 
qR e'""^qR, £r 



SAl = d€L , 

SAr = deR , 



(10) 



The gauge transformations acting purely on the quark 
sector are anomalous and induce a shift in the quark 
effective action, SS = J (9^e),/'^ ~ — f ed^J'^: 



SSa 



247r2 



eLdA^dAL - eRdARdAR 



(11) 



This is, of course, cancelled by the anomalous shift in the 
lepton effective action: 



6Se 



J ELdAidAL - eRdARdAR . (12) 



Hence, overall we have a non-anomalous gauge symmetry 
and conserved gauged currents as stated in Eq.®. 

We now consider a large ruq limit and integrate out the 
quarks (which imitates the effect of confinement; related 
examples have been discussed in [l^, H^). We are left 
with an effective action: 



^wzw {U,Al, Ar) + 



(13) 



where T^yzw is the Wess-Zumino-Witten term and the 
ellipsis refers to non-topological terms, such as renormal- 
ized (p kinetic terms. Twzw is a functional of J7 = e**^/-^ 
and the gauge fields, Al and Ar. Twzw generates the 
same anomalies as the quark action in Eq. (fTTj) under the 
gauge transformations of Eq. PU)) . 

It is easy to construct the WZW term, by arranging a 
set of operators that generate the independent L and R 
consistent anomalies. We readily obtain: 



r 



1 



WZW 



247r2 



ALARdAL + AlArMr 



jidALdAL + dARdAR + dALdAR] 



(14) 



It can easily be checked that, under the gauge transfor- 
mations (fTOl). we have: 



ST 



WZW 



= SS. 



(15) 



with SSq from Eq. pTjl . 

Note that Eq.(fT4| can be obtained from the expres- 
sion for the U{N) x U{N)/U{N) WZW term discussed 
in Ref. Q, by taking = 1. It can also be straightfor- 
wardly derived "holographically" from the Chern-Simons 
term and Dirac determinant of a compactified D — 5 
U{1) gauge theory in which (f> ^ A^, as in Ref. [211 . 
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B. Introduction of the u 

We now introduce a classical background field coupled 
to the "baryon number" in the quark sector. We de- 
note this field by u) in analogy to the w meson of QCD 
which couples to the baryon current. The WZW action 
becomes: 



Twzw{U,Al +uj,Ar +lo) 



(16) 



Note that lu is invariant under U{\)l x ?7(1)/j gauge 
transformations. In analogy to QCD we view uo as part 
of the strong interactions, and do not couple it to the 
lepton sector. With lo appearing only in the quark sec- 
tor, we then find that the theory now contains anomalies 
under local U{1)l x U{1)r gauge transformations. 
From Eq. pTI) we see that: 

S{Twzw + St) = ^ j CL [2dALduo + {duof] 

- en [2dARduj + [duj f] . (17) 

The gauge symmetry, and the internal consistency of the 
theory, is apparently spoiled by the inclusion of lu. If, 
however, we can find a local counterterm, a functional 
of Al Aji and oj, to add to the lagrangian that restores 
C/(l)i,xJ7(l)fl gauge invariance in the presence of a back- 
ground to, then the theory can be made consistent, as in 
the case of QED, summarized in the Introduction. 
The desired counterterm is readily constructed: 



Tc = - 



J [-2u!AiidAR - LuAnduj 



'2uALdAL + ijjALdu] 



(18) 



This counterterm is a necessary part of the low energy 
theory when uj is introduced into Twzw- Adding 
to Twzw we see that the new uj dependent terms in 
Eq. ()17|) are now cancelled under a gauge transformation. 
If UJ is an arbitrary classical background field that couples 
also to quarks at high energies, then this counterterm is 
required in the high energy action, S'q, as well. 

The full WZW term is now given by the sum of Vwzw 
and the counterterm: 

r^W = Twzw{(I),Al+uj,Ar^'Uj)+V^{Al,Ar,uj) 
= Twzwi(l},AL,AR) + r^{(l),AL,AR,Lu) , (19) 

where we've isolated the interactions involving lo into Ti^: 

1 



/ 



{dALdio + dARdio + duoduo) 



-ujALdAL + LuAjidAji + ujAudAL 



-ujALdAn + (jjAjiduj — uiALduj 



(20) 



We thus see that pCS terms, such as ujAj^dA^, now ap- 
pear in the complete effective action. Twzwi<t'T^LT An) 



generates the original anomalies cx —dA^dAL + dAiidAii 
that are cancelled by the leptons. governs interac- 
tions of 0, Al and Ab. with oj (these are analogous to 
anomalous interactions in QCD such as w — > 7r*^7). 

Since generates no new gauge anomalies, it must be 
itself a gauge invariant operator. Moreover, under local 
shifts in w, i.e., 5lj = de this term generates the global 
baryon current anomaly: 

rpfuU — xr — 
WZW — "J^ — 

j A dALdAL - dAndAn + dALduj - dA^duj ] , 

(21) 



.e.^paid^A'idPAl^d^^A^^dPAl 
^dt'AldPio" - d^'A^i^dPio" ] . (22) 



Here J*^ is the baryon number current, given by: 
5 



Ju. = 



^fuU 



— -^;^^iivpa [A'^d^'AI — A'^j^d'^A]^ + A'^d'^A'^ 

-A^j^dPAl + AldPcj'' - A^ndPuj" 
-d''i(t>/f){dPAl + dPA^j^ + 2dPuj'') 

+9"(A^tj" - AP^uj")] . (23) 

where the last two lines contribute zero to the anomaly. 

We thus see that the anomalous divergences of currents 
associated with global symmetries are now defined in the 
presence of arbitrary background fields through the vari- 
ation of a consistent, gauge-invariant action. Note that 
the baryon number anomaly is modified in the presence 
of the background oj field by the dAdu! terms. Normally, 
we think of the global charges and their anomalies as de- 
fined in the limit uj 0, but we are free to consider the 
background field corrections once the gauged currents are 
defined to be conserved. In summary: The WZW term 
requires the prescribed counterterm to recover the correct 
form of the baryon current anomaly. The pCS terms are 
a consequence of this structure and generate new physical 
interactions. 

From Ea. (|20p we can anticipate an interesting new 
physical application of anomaly physics in the real world 
as described in Ref.yj|. Welet Al = Z + A and Aj^ = A, 
where Z is the analog of the Z-boson and A the photon. 
Then we obtain from Eg. ((20)) the following pCS interac- 
tion term: 



rivw = rwziv(0, AL,Aii) 



^ J [uj{2dA + dZ)+ujdLj] (^Z- 



d(f> 

T 



(24) 



Gauge invariance of the photon is manifest, as it must 
be, since 2dA = F is the electromagnetic field strength. 
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The Z boson is associated with spontaneous symmetry and: 
breaking. We see that the gauge shift in 5Z = de, is 
compensated by Sip = /e which confirms gauge invariance 
(again, if a Higgs mechanism is not present to give Z 
its mass, then it will eat the (p field as in technicolor 
theories) . 

The interaction in Eq. is a term in the low-energy 
effective theory describing physics at energy scales below 
the quark mass. It contains the massive gauge field Z , 
and if Mz ^ ruq, we integrate out the Z to derive a 
set of couplings involving only light fields as in Ref. p^ . 
The LuZdA term leads to a novel neutrino-photon inter- 
action in nucleons or at finite baryon density, which may 
be relevant to various experiments and astrophysical pro- 
cesses M. 



III. THE COUNTERTERM FOR GENERAL 
GAUGING 

The schematic model illustrates a problem that can be 
posed more generally as follows. Consider a "quark sec- 
tor" with a global (chiral) flavor symmetry G and a sub- 
group G' C G which is gauged. In general, G' contains 
anomalies coming from the quark sector, so we further 
assume a lepton sector coupled to the gauge fields of G', 
which cancels the quark sector anomalies. The quarks 
are confined, or decoupled, and the flavor symmetry G 
is broken spontaneously to a subgroup H, giving rise to 
NGB's that are elements of the coset space G/H. Some 
of the NGB's may be eaten by gauge fields, or the gauge 
fields may acquire mass from a Higgs sector. 

As a concrete realization of this we can consider the 
{u,d) quarks with flavor symmetry G = SU{2)l x 
SU{2)r X U{1)l X U{l)ii, and spontaneous breaking to 
H = SU{2)v X U{l)v- We gauge the SU{2)l x U{1)y 
standard model subgroup, and the W and Z then acquire 
mass from the usual Higgs boson. The leptons {v, e) will 
cancel gauge anomalies of the quark sector. 

The low energy physics of the quark sector is repre- 
sented by an effective lagrangian describing the NGB's 
and gauge fields A. It will also contain the spin-I vec- 
tor and axial-vector fields, denoted by B which will be 
assumed to transform covariantly under G'. The NGB's 
are contained in a chiral matrix field U. 

Under a general infinitesimal transformation, e, of G 
we have: 

SU = ieL{e)U ~ iUenie) , 
6A = de + i[e,A] , 

6B = i[e,B]. (25) 



Eg. ((25)) allows for the possibility of a nonlinear realiza- 
tion, e.g., SU = ieU ~ iUe'{€, U), with e' € H If we 
specialize to G = U{Nf)L x U{Nf)ii, with the associated 
gauge bosons A^ and A^, and background fields B^ and 
Bfi we have: 



5U = ithU — iUtR : 



(26) 



5Al = deL+i[eL,AL] , 
SBl = i[eL,BL] , 



SAr 
SBn 



dtR + i[eR,AR] 
i[eR,Bji] . 



(27) 

The full effective action contains the kinetic terms of 
the NGB's and gauge fields, and any mass terms associ- 
ated with explicit breaking (which may involve the Higgs 
sector). The effective action also includes the WZW 
term, Twzw(U,A + B), which represents the anomaly 
structure of the quark sector. We also have the contri- 
bution, r^, to the effective action from the lepton sector. 

The key point is that the covariant classical back- 
ground B fields are present in the quark sector, but not 
in the lepton sector. Mixed terms containing A and B 
will thus arise in the gauge anomalies of the quark sector, 
that are not cancelled by the lepton sector. 



A. The counterterm 

In deriving the counterterm, we will not need the ex- 
plicit form of the WZW term, but only the consistent 
anomaly that it generates. Consider first the case B = Q. 
Then under a general gauge transformation in G' we 
have: 



5V 



WZW 



-2C / Tr 



e dAdA - -dA" 



(28) 



The quantity C is fixed by properties of the underlying 
fermion theory. For example, for quarks transforming in 
the fundamental representation of SU{Nc), 



C 



487r2 



(29) 



Eq.([28l) is the "consistent" form of the anomaly, before 
any counterterms are added, and it is cancelled by the 
contribution from the lepton sector: 



6Tf = 2C / Tr 



e ( dAdA - -dA^ 



(30) 



It is convenient to write, modulo a total divergence. 



5T 



WZW 



2C / Tr 



de ( AdA - -A^ 



(31) 



Now we introduce the B fields by making the replace- 
ment A^ A + B in the quark sector only. This changes 
the variation of the WZW term so that under the general 
gauge transformation of Eq. ([25)) we have: 



5{T 



WZW 



2C Tii de 



BdA + dAB + BdB 



- -{BA^ + ABA + A^B) 
^{B^A + BAB + AB^) - ^B^ 



(32) 



7 



Our problem is to find a counterterm that cancels this 
variation. 

The explicit construction of the counterterm is 
straightforward, and we obtain the result: 

1 



Te = -2C / Tr 
3i 



{AdA + dAA)B + -A{BdB + dBB) 



—A^B ~ —ABAB - -AB^ 
2 4 2 



The fact that ST^ = -5[Twzw + 
explicitly. Therefore, the full action. 



(33) 

r^) can be verified 



Bji with one A field and two B fields are: 

Tr [{dBnA + dAB^, + BRdA + AdBR)Bi] 
- Tr [{dBLA + dABL + BLdA + AdBL)BR] 
= 3 Tr [dA{BRBL - BlBr)] , (38) 

where a total divergence has been dropped. Terms with 
two ^'s and two i3's are 



-UTvIA^BrBl-BlBr)] 



(39) 



r — Twzw +Tc + Te 



(34) 



is now gauge anomaly free in the presence of the NGB's, 
gauge fields and spin-1 mesons. 

Note that if we specialize to G = U{Nf)L x U{Nf)R, 
with the transformation law (|27p . the counterterm takes 
the form: 



Egs. pS)) and ((39| combine into the gauge- invariant ex- 
pression, 

3Tr [{dA - iA^){BRBL ~ BlBr)] . (40) 

Continuing in a similar manner, the terms mixing L 
and R are all seen to form gauge-invariant operators in 
the fundamental gauge fields A. 

Splitting the Bardeen counterterm into a gauge invari- 
ant and anomalous piece. 



^2C / Tr 



{ALdAL + dALAL)BL 
^ALiBLdBL + dBLBL) - ^^IBl 



. pG.I. 1 panom. 

lardccn — Baidccn ~^ ^ Baidccn ' 



(41) 



we find: 



jAlBlAlBl - '-AlBI 



(L^R). (35) rgi-,_ = -C 1 Ti-UdA - iA^){BrBl B^Br) 



B. Relation to Bardeen counterterm 

Suppose that we gauge only vector symmetries, for ex- 
ample U{1)em in the standard model. We then have: 



{DBrBr + BrDBr)Bl - {DBlBl + BlDBl)Br 



(42) 



Al 
Ar 



A 
A 



Bl 

Br 



Al, 
Ar; 



(36) 



where B^ r are again background fields, transforming 
covariantly under the gauged symmetry. The Bardeen 
counterterm takes the form —Twzw{U = 1,Al,Ar) 
from Eq.® [e.g., see Ref. 0): 



Here the covariant derivatives acting on B^ r, taking ac- 
count of the anticommuting forms, are 

DBl = dBL - iABL - iBLA , 

DBr = dBR ~ iABR - iBRA . (43) 

The remaining, anomalous part can be simplified to: 



panom. 
Bardeen 



= Te = -C / Tr 



Bardeen 



= -C y Tr (dARAR + ARdAR)AL 
- (dALAL + ALdAL)AR 
i (a%Al - AIAr + 1-ArAlArAl 



2{dAA + AdA)BL + A{dBLBL + BLdBL) 



I ( iA^BL + -ABlABl + ABl 



{L^ R). (44) 



(37) 



It can be easily verified that after including the coun- 
terterm (|37|) . the full result Twzw + rBaideen is gauge- 
invariant in the vector subgroup. How does reardeen com- 
pare to our result in Eg . (|35| ? 

The Bardeen counterterm mixes the Bl and Br fields. 
At first sight, this seems to contradict Eq. (|35|) . How- 
ever, upon closer inspection we see that all such mixed 
terms arrange themselves into operators that are gauge- 
invariant in A. For example, the terms mixing Bl and 



When Al = Ar = A, i.e., when only vector symme- 
tries are gauged, our general expression Eq. (P5|) reduces 
to precisely this form. Our new counterterm is the gen- 
eralization of the Bardeen counterterm when the gauge 
subgroup G' is not contained in the unbroken subgroup 
H of the chiral theory G/H . 

The Bardeen counterterm has been well-studied in the 
past. For example, in Ref. [2^, the Bardeen counterterm 
is employed for the purpose of constructing the gauged 
WZW term by an integration formula that requires van- 
ishing anomaly in the unbroken {H) subgroup of a gen- 
eral G / H . Inclusion of the Bardeen counterterm can be 
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phrased as the boundary condition r{U = 1) = when 
integrating the anomaly Our results show, however, 
that this boundary condition is incompatible with gauge 
invariancc in the general case involving non-vectorlike 
gauging. 

The Bardeen counterterm has also appeared in phe- 
nomenological analyses 0]. However, such analyses ne- 
glect the important effects of neutral and charged weak 
currents, and have added the counterterm in an ad hoc 
manner: only photon gauge invariance is preserved, and 
global chiral symmetries are broken even in the absence of 
gauge fields. The Bardeen counterterm maintains gauge 
invariance in the presence of background fields only when 
vector symmetries are gauged. It is not the appropriate 
construct when the full standard model SU{2)l x U{1)y 
gauging is relevant. 



IV. GLOBAL CURRENT ANOMALIES AND 
GAUGE INVARIANT OPERATORS 

The new counterterm is necessary for a proper deriva- 
tion of global current anomalies, such as the baryon cur- 
rent anomaly in the standard model. Our counterterm 
ensures that the action is anomaly free under the gauged 
G' symmetry, in the presence of arbitrary background 
fields. This action still has a number of global symme- 
tries that are not broken explicitly by gauging, namely 
the special transformations for which [e, A] = 0. The 
associated symmetry currents are generated by varying 
the background fields, and are conserved modulo anoma- 
lies. Since our theory is locally gauge invariant under 
G' transformations, the global anomalies generated from 
the full action will automatically be gauge covariant ex- 
pressions in the A. In this sense, they are "covariant" 
anomalies. The formalism also implies that these cur- 
rents and anomalies necessarily contain the background 
spin-1 meson fields, B. Note that since the global anoma- 
lies are derived from a well-defined action, they necessar- 
ily satisfy the appropriate extension of Wess-Zumino con- 
sistency conditions that describes variations with respect 
to both A and B fields. 



A. The general case 

Let us then consider the variation, 

dU - ^ei(e)^7-^^7e^^(e), 
SA ^ i[e,A] =0, 

6B = de + i[e,B]. (45) 

Since B enters only the "quark" sector, and we im- 
pose [e, A] ~ 0, the lepton effective action, Ti, is in- 
variant. We therefore need consider only the variation 
of rwzw{U,A + B)+r,{A,B). 

We thus obtain the general expression for the global 
anomaly: 



3{dA - iA^f + 3idA - iA^)DB 
^{DBf-^-D{B^)+iB{dA-iA^)B-i{dA-iA^)B^ 



(46) 



where DB = dB — iAB — iBA. Note the appearance 
of the covariant field strength, [dA — iA^). We empha- 
size that the form of this result depends on the condi- 
tion [e, A\ — 0. In the explicit chiral representation for 
U{Nf)L X U{Nf)ii the anomaly takes the form: 



<5(r 



wzw 



2C / Tr eL 



SidAL - lAlf + i{dAL - iAI){DBl) 



-DBlDBl - -^DiBl) + iBLidAL - IADBl 



-i{dAL - iAl)Bl 



{L^R), 



(47) 



with DBl = dBL - iAlBl - iBlAl- 



B. Application to the Standard Model 

Let us illustrate the computation of covariant anoma- 
lies by considering the baryon current of the first gener- 
ation quarks in the standard model. We will first give 
a description at the quark level, emphasizing that the 
counterterm is required for a correct derivation of the 
anomaly. We then give an equivalent description at the 
chiral lagrangian level. This leads to a generalization of 
the Goldstone-Wilczek current in the presence of gauge 
fields. 

Let Q = (m, d) and consider the action: 



Sq^ j d^xQ^{i^ +4,l + ^l)Ql 

+ Q^(^^ +4r + ^r)Qr. 



(48) 



where 32^^x72 + 9iWIYl/2, Ar^ = 

9iW°Yfi/2, Bl^ Br = ujf,diag{l/3, 1/3). Under varia- 
tion in LOfj, we obtain the baryon current: 



5S^ 

6uj,. 



(49) 



By considering the local variation Slo — de, we obtain 
from the Weyl quark loops the consistent anomaly of the 
quark effective action; 



-2C 



I 



eTr<- 



{dALf--d{Al) 



-{L^ R). 

(50) 
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We must also include the counterterm Eg. ([35)1 . which 
takes the form, to leading order in lo: 



2C I Tr<! -u 



3i 

ALdAL + (IAlAl - 2"^i 



Under the local variation 5lo = de wc find: 

5Tc = 



-2C / Tr<! ie 



2dALdAL ~ ^d{Al) 



(L^ R). 
(51) 



{L ^ R), 
(52) 



and upon combining the quark loop contribution with 
the counterterm we find: 



sSq + sr^i^^ = 

- 2C y" Tr [e{dAL - iAlf] ~ {L ^ R) 



d xe 



647r 



2 ^fii^pa 



(53) 



where i^^^ 



. ,-52e''''W^W^^ is the covari- 
The factor 



ant SU{2)l field strength, and F^^ = d^W^ 
is the weak hypercharge field strength. 
Tr(y2) ^ 2 X (1/3)2 - (4/3)2 - (-2/3)^ ^ -2 is traced 
over the (u, d) quarks. Note that we could also have read 
this result directly from Ea. (|47|) . 
Hence, with F^^ = (l/2)e^^p^F^'^: 

d.J'' = -^i.alF^.uF''^'' - gfF^J'^^n . (54) 

While this result can be obtained by naively rescaling 
Feynman diagrams, using Adler's axial vector anomaly 
from QED as a starting point, the result would then be 
only fortuitously correct; the modified counterterm struc- 
ture is required to generate the formally correct baryon 
current anomaly in the standard model. For B ± L we 
need a similar counterterm construction in the lepton sec- 
tor with an auxiliary background field, etc.. Of course, 
the B — L anomaly cancels between leptons and quarks, 
insofar as we take the limit of zero background fields after 
calculating the current divergence. The B + L anomaly 
is 2 times the above result. Eg. ([54]) . 

Note that if we had inadvertently used the Bardeen 
counterterm of Eg. (|37p in defining the baryon number 
current and divergence, we would have: 



Bardeen 



-2C / Tr 



^Lu (ALdAL - ^Al + SdARAL 



AndAR + -Al - 3dALAii 



and a short calculation shows that the resulting baryon 
number current would have zero divergence in place of 
l/327r2 in Eq.iP]). 



C. Generalization of the Goldstone-Wilczek 
Current 

We can give an equivalent description of the anoma- 
lies at the level of the chiral theory of mesons, instead 
of at the quark level. The WZW term, with the new 
counterterm, can be expanded in the external fields B: 



r{A,B,U) =r{A,U)+ / d^xTiiB^J'') 



-0{B^). 



(55) 



The leading term in the expansion, T{A, U), is the orig- 
inal WZW term. It generates the consistent gauge 
anomaly, which is cancelled by the leptons. Therefore 
the subsequent terms, such as Tr(i?^ J'^), must be gauge 
invariant. In particular, is the covariant global current 
associated with B. 

Let us again focus on the baryon number current in 
the U{2)l X U(2)ji chiral theory, so that Bl = Br = 
uj (im(7(l/3, 1/3). First note that, in the limit Al — 
Ar = we see, from the WZW term reproduced below 
in Eq.dMl), that: (a = dUW) 



Jfi = -r—Twzw = i^Ce^^pcTT{a''a''a'') 



727r2 



e'"'P''TT{Ud''U^UdPU''Ud''U^). (56) 



This is the Goldstone-Wilczek topological current that 
describes baryon number in the chiral lagrangian [ll[. 
The current arises automatically upon introducing the 
background oj field into the WZW term. With Nc ^ 3 
it yields a baryon number of 1 for a Skyrmion hedgehog 
configuration. 

Armed with our new counterterm and using 
Egs. (|55l69p we can compute the form of the baryon cur- 
rent in the presence of the gauge fields. For simplicity 
we keep just the SU{2)l part. The result is a gauge 
invariant current, as it must be, and for = 3: 



Here: 



3i 

Tr I diyapaa + —FL^paa 



ap ^ {DpU)U^ , 



(57) 



da-iA 



= i[Dp,D,]. 



(58) 



This current reduces to the Goldstone-Wilczek result 
when Al 0. 

A similar current using electromagnetic gauging was 
constructed by Callan and Witten, where the new term 
is seen to play a crucial role in monopole catalysis of 
baryon number viewed at the Skyrmion level [24]. The 
nonabelian form was constructed using dimensional de- 
construction, matching to a Yang-Mills topological cur- 
rent in D = 5 in Ref . [25| . The present derivation by vari- 
ation of an action is more general, and it is now straight- 
forward to construct any of the chiral topological currents 
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by variation of the WZW term plus counterterm. This 
nonabehan SU (2)^ current can arise only when we use 
the WZW term with our improved counterterm Tc- 
Note that we can compute explicitly, for Nc — 3, 

d,J'^ = --j^TTiFL^,Fn. (59) 

where a useful identity (the Bianchi identity for a decon- 
structed D = 5 theory [2l!|) is: 

[Df_t,a^] - [D^, a^] = [a^, a^] - iF^^^ . (60) 

Eg. ([59)1 reproduces the result for SU{2)l obtained 
in Eg. ([51)1 . Note that for a self-dual instanton in 
which F^i, = F^i, and we have the Euclidean action 
(1/2(7|) / TtFF = STT^/gl, the baryon charge is changed 
by one unit, and B + L changes by 2 units, confirming 
the usual intuition. 

It is interesting to contemplate the full background 
field (B) structure of Eq.dUl). Note that the B- field con- 
taining terms are a total divergence, and can be absorbed 
by a redefinition of the baryon current. However, they 
probably do have a physical role to play at high baryon 
density. Note that there is no F^ duj term in the baryon 
current anomaly, owing to Tt{Yl — Yr) = 0. However, 
if we keep the p meson then there are surviving mixed 
isospin and weak-isospin terms Tr(JVdp) {Fw is weak 
isospin). Whether there is more to this story, e.g., an 
enhancement of baryon number violation at large finite 
baryon density through this form of the mixed anomaly, 
or a description of certain superfluid phases of baryons, 
remains to be investigated. 



D. Gauge invariant operators 

Throughout this discussion, we have implicitly as- 
sumed that the counterterm ([55)1 is unique. In fact, we 
can construct additional gauge invariant operators be- 
ginning at quadratic order in the B fields. While in the 
limit B ^ the gauge field part of the global anomaly is 
uniquely determined, these terms can potentially lead to 
an ambiguity in the structure of the global anomaly at 
finite B. For simple group models, we can add a general 
counterterm of the form, 

T.^G.i.^ J ciTT[B^dA~iA^)], (61) 

with ci a free parameter. In fact, it is easy to show that 
the general anomaly (|T7)l is not affected by this term. 

For product group models, the situation is slightly 
more complicated. A short calculation, after dropping 
total derivatives, yields the general expression for term 



containing at least one A field: 

TcG.!.- 2^ / [^lLTT[BlidAL-^Al)] 
+ C2LTT{BL)TT[Bn{dAR - iA^)] 
+ C3lTt{Bl)Tt[BrDBb]^ + {L ^ R) . (62) 

To recover a parity-symmetric theory when only vec- 
tor symmetries are gauged, we should have cl = —cr- 
The effects of these operators on the anomalies at finite 
Bl.r can be worked out in the general case. For ex- 
ample, when the field uj coupling to baryon number is 
the only background field present, then Fcg.!. — 0, since 
ef'^P'^uj^oJu • • • = 0. 

V. PSEUDO-CHERN-SIMONS TERMS FOR 
THE STANDARD MODEL 

We can apply the results from the previous section to 
compute the explicit form of the pCS terms for the stan- 
dard model. For simplicity, we focus on a single standard 
model generation, i.e., the {u,d) quarks and the (i^e,e) 
leptons. The low energy physics of the quark sector is 
represented by a U{2)l x U{2)ji chiral lagrangian de- 
scribing interactions of the three pions and the rj, gauge 
fields, and vector mesons. The lepton sector is also 
present in the effective theory. We introduce the full 
SU{2)l X U{1)y gauging and gauge anomahes cancel 
between the quark and lepton sector. We also include 
the spin-1 vector mesons, treated as classical background 
fields, corresponding to the p"'^, and aj'^, vector 
and axial-vector mesons. At ^ GeV energies, where the 
chiral lagrangian description is appropriate, the W and 
Z bosons may be subsequently integrated out of the the- 
ory, and their effects represented by the corresponding 
charged and neutral weak currents. 

The complete effective lagrangian thus contains the 
kinetic terms of the NGB's, leptons, gauge and vector 
meson fields, and any mass terms associated with sym- 
metry breaking (which may involve the Higgs sector for 
the SU{2)l X U{1)y breaking). The effective action also 
includes the WZW term and the counterterm: 

T'^"zw^^wzw{U,A + B)+T,{A,B), (63) 

which represent the full anomaly structure of the quark 
sector. 

For the fundamental gauge fields we write 

AL=g2W''Ty2 + giW° ( ^ i ) ' 

AR^giW°(^^ 1 ^ . (64) 

(we use VF" to denote the U{1)y gauge field, so as not to 
confuse with our previous usage of -B as a generic classical 
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background field) . In terms of the charge and mass eigen- 
states after electroweak symmetry breaking we have: 





= —Sy/Z + CwA 














H/3 


— cwZ + 


swA, 



(65) 



where cw = 92/ VgT+g^, sw = 5i/ V^f+gf- 

Let us now put the standard model in the classical 
background of vector and axial-vector mesons: 



Bv^Bl + Br 



BA = BL~Bn-g^ 



,0 



a" \/2a^ 



4'f 



(66) 



where p and a are isotriplets and u and / are iso- 
singlets. Note the slightly unconventional definitions 
V,A^ {Al ± Ar) instead of A = {Al ± Ar)/2; the 



resulting normalization of g' can be more readily com- 
pared to the literature. Note also that this normalization 
implies that 



3 , 

2^ ' 



(67) 



where g^i multiplies the field that is coupled to baryon 
number [isj . In the following, we suppress coupling 
constants for the vector fields. We can recover the 
complete result with couplings by taking [A, W, Z) 
{g2A,g2W,g2Z), {p,a) {gp,ga), {uj,f) {g'uj,g'f). 



Fundamental gauge fields and anomaly 
cancellation 



The WZW term for U{Nf)L x U{Nf)ii -> U{Nf)v is 
given in a convenient form by Kaymakcalan, Rajeev and 
Schechter 0] [Slj . In terms of: 



Al.r = A 



L,R — ^L,R + Bl^r^ 



C = 



'487r2' 



(68) 



we have: 



Twzw{U,Al,Ar) = U{U) +C J Tt l^iALa^ + ArI3'^) - ^[{ALaf - {ARl3f] 

+ i{ALUARU^o? - ArU^AlUI3^) + i{dARdU^ALU - dALdUARU^) 
+ i[{dALAL + ALdAL)a + [dARAR + ARdAR)l3\ + {A\a + A]^P) 
- {dALAL + ALdAL)UARU^ + [dARAR + AR,dAR)U^ AlU 

+ [ALUARU^ALa + ArU^AlUArP) + i 



AIUArU^ - AlU^fALU - -{UARU^'ALf 



(69) 



Here a = dUW and /3 = WdU. The function Tq is given by 



d^xe^^'-^^^ Ti{aAOiBCtcctDCtE) , 



(70) 



where is a five dimensional manifold with spacetime 
as its boundary. The quantization condition ensures that 
e'^" is independent of the choice of bounding surface. In 
four dimensions, 

ro(^)--T^/ Tr[.(d7r)4]-t-.... (71) 

Also, we have the new countertcrm Fc, which is given 
by Eq.dSil). We now take T^^zw = ^wzw + and 



examine the terms containing mixed factors of funda- 
mental gauge fields, A's, and classical background fields, 
-B's. Notationally, in the following, e.g., a term denoted 
^AABB contains two factors of A and two factors of B, 
etc.. 

The terms in F^'^^ involving just the fundamental 
gauge fields A^ r do not involve the counterterm. Ex- 
plicitly, we see that the terms with three and four funda- 
mental fields read: 
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^AAA 



■I- 



C I dZAZ ( '^sw 



cw 



(dW+W- + dW-W+) ( - IswA^ 

\6cw 6 y 



(72) 



r 



Taaaa = cJ iW+W-ZA . (73) 

The terms Taaa and Taaaa combine with the lepton- 
sector loop contributions to produce gauge invariant op- 
erators that do not involve the vector meson fields. In 
a formal limit where we assume the leptons are heavy, 
we can integrate out {v, e) to obtain the lepton-sector 
WZW term as a function of W, Z, 7 and the NGB's 
of the Higgs boson. In this case, the pure gauge terms 
Eas. (|72l73p cancel exactly against corresponding lepton 



sector loop contributions [20|, [26 



B. Interactions involving vector meson fields 

Since the B fields transform linearly under the gauge 
transformations, the sum of the remaining terms must 
be separately gauge invariant. For the various remaining 
terms in F^'^,^ the result is: 



J 



AAB 



C / dZZ 







3 I - ^r^f 



2r2 



2r2 



dAZ 



-swdA [W-p+ + W+p-] + [DW+W- + DW-W+) 



Sw "^-^w 
p uu 

cw cw 



3 If 

— Lo r 

2 2^ 



dZ [W-p+ + W+p- 



cw 



Tabb = C j Z^dp° 



+da° 



Cw 



2cw Cw 
3 



2cw 



3cw ^ 



2cw 
1 

2cw ' 



3cw f 



df 



dhJ 



2cw 



2cw 



icw I «° - ^/ 



Cw 



2cw 



icw I p" + - -^a" 
Cw 2cw 



Tbbb 
Taaab 
Taabb 



+swdA (p"a° + ip°f + 3wa° + ujf + p+a^ + p^ a+) - -^dZ ip+a" + p"a+) 

Cw 

+ ^ [W+Dp- + W-Dp+)\ [-U0 + + \ [W+{-p- + a-) + W-{-p+ + a+)] duj 

+ i [W+Da- + W-Da+] (-3w - /) + ^ [T4^+(-3p- - a") + T4^-(-3p+ - a+)] df , 

{p-f + Lua-) Dp+ + {uja+ + p+ f) Dp- + (wa° + + (p+a" + a+ +Luf + p°a°) dto 

1 



CJ2 

C J iW+W-Z 
C J i^^W+W 

+W+Z 

+W-Z 



3cwo-! + Cw + 



2cw 



f 



l{p' + a°)oJ-l{p'-a'^)f 
f 3cw 1 A -J. 3cw - Cw - J. , 3cw 



icw , 1 A + r , 3cw 

P f 

Cw J 



I Cw + J. 3cw + 
p oj H a J 



Ta 



BBB 



C I iiW 

1 



2 Cw ) 2 2 

p- (Pibj — 2/) — Loa^ + (PiLia- + LLia^ 



2 



+z 



cw 



1 

cw 



p^ p uj + ( —2cw H ) (2/9^/5 / + p'^uja — p wa^j H Loa^a 



p'^p"{-uj + 2/) + p+uja° - p°uja+ - wa+a° 

(74) 



1 

cw 



These results use the abbreviated notation of differen- J ABdC . Here we have defined covariant derivatives of 
tial forms, so that for example J d^x e^^pcrA^^B'^d'^C — 
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the charged fields as 

Da^ = da^ T iswAa^ . (75) 

Note that the photon always appear as a field strength, or 
as a covariant derivative acting on charged vector bosons 
or mesons, as required by gauge invariance. Gauge in- 
variance in W and Z is not explicit, since we have not 
included terms involving the pion fields. 

Some notable interactions in the above include the 
term from Taab'- 

-^gh'C fcoZdA. (76) 
cw J 

This interaction was studied in Ref.[3l and mediates 
neutrino-photon interactions in nuclear matter. It should 
be noted that without including oj in the WZW term, the 
LoZdA interaction can still be obtained from the assump- 
tion that the physical uj couples to the baryon current, 
J^, through a phenomenological interaction of the form 
g^j^^J^i- At low energies we must then use for the 
modified form of the Goldstone-Wilczek current in the 
presence of Z and A as dictated by gauge invariance and 
the new counterterm. This contains the uuZdA interac- 
tion precisely as in Eq. ([7S|) . 

Note that in Tabb we find a term: 

iswg29g'C J dAp^ . (77) 

This term mediates the decay fi — > p'^j and is in reason- 
able accord with experiment. We will study such inter- 
actions in more detail elsewhere [l3i|. 
In Tbbb wc find 

J {uja^dp" + p°a°daj) . (78) 

Operators of this form have been studied in Ref. [27j . 
However, this term can be modified by the gauge invari- 
ant operators of Eq. ((62)l whose coefficients are not fixed 
solely by anomaly matching arguments. 

VI. CONCLUSIONS 

In this paper we constructed the gauged WZW term for 
the standard model SU{2)l x U{1)y gauge subgroup of 
the U{2)l X U{2)ii chiral symmetry of the strong interac- 
tions. An essential ingredient in this construction was the 
demand that we maintain gauge invariance in the pres- 
ence of background fields coupled to the U{2)l x U{2)j^ 
currents. 

These background fields play two distinct but equally 
important roles. First, they allow us to define the cur- 
rents of global symmetries through variation of the back- 
ground fields. When applied to the (anomalous) baryon 



current this allowed us to derive a generalization of the 
Goldstone-Wilczek current in the presence of both fun- 
damental gauge fields and background vector fields. Sec- 
ond, in environments where physical background fields 
are non-zero, such as at finite baryon density, we are led 
to a rich set of new interactions. For example, we find 
interactions that mediate neutrino-photon interactions in 
nuclear matter as discussed previously in Ref. 14]. 

A third role for these fields naturally suggests itself, 
namely to promote them to the dynamical vector me- 
son fields of QCD in the spirit of vector meson domi- 
nance. We then have an interesting set of pCS terms 
which couple the vector mesons of QCD to fundamental 
gauge fields. A detailed analysis of the phenomenology of 
these terms will be presented elsewhere [l^ . We mention 
here that the couplings we find lead to results for both 
the rate and polarization structure of the decay /i — > p'^j 
which are in agreement with experiment. We empha- 
size that the processes resulting from the identification 
of the background fields with vector mesons are not to 
be thought of as interactions in the fundamental, under- 
lying theory of quarks and leptons. Rather, they emerge 
in a low-energy effective description of QCD coupled to 
electroweak gauge fields. 

Since in the real world the W and Z bosons are much 
heavier than the scale of QCD, the W and Z should be in- 
tegrated out and replaced by the charged and neutral cur- 
rents to which they couple. In the formal limit gi 2 — *■ 0, 
the W and Z are explicit degrees of freedom in the low- 
energy theory, and the constraints of SU{2)l x U{1)y 
gauge symmetry are explicit. Since we remain in a per- 
turbative regime, the constraints survive at the physical 
values of these couplings. Restricting the weak currents 
to their components involving light fields then gives a 
low-energy effective Lagrangian which is valid for ener- 
gies and momentum transfers up to the scale at which 
chiral perturbation theory breaks down, ATrf^j 1 GeV. 

The centerpiece of our analysis is the derivation of a 
new counterterm which must be added to the WZW term 
in order to maintain gauge invariance in the presence of 
background fields. Once the counterterm is fixed, the 
full action provides a complete description of the global 
current anomalies of the theory, and also leads to a rich 
set of new interactions with many potentially important 
physical applications. 
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